PACS. 32.80Pj -Optical cooling of atoms; trapping. PACS. 42.50Vk -Mechanical effects of light on atoms, molecules, electrons, and ions.
Introduction. -The focusing of neutral atoms by a transverse standing light field [1] has opened the way to nanostructuring using immaterial masks of laser light. Up to now, the generation of lines with period λ/2, where λ is the laser wavelength near an atomic resonance, has been reported for sodium [2] , chromium [3, 4] , aluminium [5] , and cesium [6] . For chromium, various two-dimensional structures of period λ/2 or 2/3 λ [7, 8] have also been achieved.
In these experiments the light mask contained intensity gradients which gave rise to a focusing of the atoms resulting from the induced dipole force [9] . Since the intensity pattern only has Fourier components belonging to difference vectors k j − k l with maximum modulus 2k, the generated structures are limited to periods of λ/2 or more. Recently this limit has been overcome by a double-exposure technique using different laser detunings [10] .
However, the polarization dependence of the atom-light interaction introduces non-linearities via multiphoton transitions and interlacing effects described below that reduce the achievable peak-to-peak distance in one-step atom lithography considerably. While this effect has been demonstrated experimentally for one-dimensional structuring [11] yielding lines separated by λ/8, the work presented in this paper is the first experimental realization of such an approach in two-dimensional structuring. To make full use of the additional freedom in designing light masks, it is advantageous to take also into account the effect of a static, homogeneous magnetic field which, to our knowledge, also has not yet been utilized in the context of atom lithography but was studied in work on optical lattices [12] . In this paper, we describe first experimental results using two-dimensional polarization gradient light masks that are well explained by a theoretical model. Principle. -In atom lithography, lateral structure is given to a collimated beam of neutral atoms by a light mask, which in our experiments is always located immediately in front of a substrate. It is generated by overlapping two or more laser beams propagating in a plane perpendicular to the atomic beam. Their frequency is identical and chosen to be near an atomic dipole transition but detuned by much more than its natural linewidth. Under these circumstances, the mechanical effect of the light on the atoms can mainly be described by a conservative dipole force [9] .
It is well known that dipole forces also appear in light fields of uniform overall intensity in the presence of polarization gradients, as a result of the magnetic substructure of the atomic transition. Indeed, this effect forms the basis of Sisyphus laser cooling [13] . The effect of polarization gradients on the focusing in light masks is illustrated in fig. 1 for the simple example of a "lin ⊥ lin" configuration. This light field can be viewed as two interlaced standing waves of σ + (m Photon = 1) and σ − (m Photon = −1) polarization, respectively, where the quantization axis is chosen along the direction of light propagation. When an atom with a magnetic substructure in its quasi-resonant dipole transition (total angular momentum J g and J e , magnetic quantum number m g and m e in ground and excited states, respectively) is placed into this light field, the induced dipole interaction is governed by the conservation of angular momentum. This leads to the selection rule m g + m Photon = m e and to the relative strength of the level couplings, which is given by the corresponding Clebsch-Gordan coefficients and is qualitatively depicted via the line thickness in the level diagrams of fig. 1b and c. The diagonalization of the atomic Hamiltonian including this coupling yields position-dependent eigenstates. The calculated eigenenergies as a function of position are shown in fig. 1b and c; they act as potentials for the centre-of-mass motion of the atom( 1 ). Focusing occurs in the
For large detuning, the eigenstates can be divided into two groups one of which is much shorter-lived and initially not populated; it is omitted in the figure for clarity.
regions where at least one of the potentials has a mimimum.
For a given magnetic substate of the ground state where m g = 0 there is always an imbalance between the interaction strengths with σ + and σ − light. Figure 1 b shows the simple case of a J g = 1/2 → J e = 3/2 transition. The interlaced σ + and σ − standing light waves lead to interlaced sets of potential wells, which focus atoms to peaks with a distance of λ/4.
An additional effect comes into play for higher total angular momentum quantum numbers. Experimentally, we have a transition J g = 3 → J e = 4 for which typical potentials are shown in fig. 1c . Now the light fields couple several ground states together via multi-photon stimulated Raman transitions. These non-linear processes lead to shorter periods in the potential curves. The potentials shown in fig. 1c exhibit additional minima in the encircled region ("avoided crossings"). As a result, the peak-to-peak distance of λ/8 mentioned above emerges.
Employing these static potentials for the calculation of the centre-of-mass motion of the atoms requires an adiabatic approximation which is valid for sufficiently slow motion of the atoms. An estimate P NA can be calculated for the probability of "non-adiabatic transitions" between position-dependent eigenstates | i, r and | j, r with energy differenceh ∆ω [14] :
At the avoided crossings, the position-dependent eigenstate along one eigenenergy curve changes rather quickly while at the same time the energy separation from neighbouring curves is small. Therefore the requirements for the adiabatic approximation are quite severe and not met for typical experimental conditions without magnetic field. As a consequence, non-adiabatic transitions would lead to a decrease or disappearance of the corresponding structure peaks.
However, adding a magnetic field perpendicular to the direction of light propagation changes the situation as shown in fig. 1c . Both the energy separations and the spatial extent of the avoided crossing regions become larger, helping to stay in the adiabatic approximation domain. This effect occurs when the Larmor frequency associated with the magnetic field is about one order of magnitude smaller than the detuning and the on-resonant Rabi frequency of the light field. It can be viewed as a "mixing" of the eigenstates by additional small couplings.
Experimental setup. -As in previous experiments [8] , the chromium beam was generated in a high-temperature MBE cell and collimated by two-dimensional transversal laser cooling using about 40 mW of laser light detuned by ∆ = −Γ = −5 MHz from the optical dipole transition 7 S 3 → 7 P 4 at λ = 425.55 nm. The light mask was situated 0.8 m downstream from the cooling region. It was built up from a Gaussian beam with a waist of 100 µm, a power of 40 mW and a detuning relative to the atomic transition of ∆ = +40Γ = +200 MHz. In the direction along the atomic beam, this Gaussian profile was cut right in its centre by the substrate (fig. 2a) .
For two-dimensional light masks, there are many possibilities for choosing wave vectors and polarizations of the overlapping laser beams. One could think of the configurations familiar from the generation of optical lattices [15] , but our demands and physical situation are different: in optical lattices, the main aspects are cooling and long-timescale localization during many spontaneous emission cycles, whereas in our situation the coherent dynamics and the quest for small periods are essential. They can be reached most efficiently by "pure polarization gradients", i.e. in the absence of intensity gradients, because these always introduce a variation of period λ/2 or greater common to all potential curves.
One possibility to reach pure polarization gradients with a minimum number of laser beams and maximum symmetry is illustrated in fig. 2b : Three beams intersect under 120
• in a plane with linear polarizations perpendicular to each other. We call this configuration "lin ⊥ lin ⊥ lin"; it has previously been described in theoretical work on VSCPT [16] . It was generated in the central region of a three-mirror setup as shown in fig. 2c , using one incoming laser beam and without a need for polarizing optics( 2 ). In this way, the spatial position of the polarization pattern is fixed relative to the mirrors, which are mounted in rigid mechanical contact with the substrate.
Experimental and numerical results. -For zero magnetic field, the described light mask configuration leads to two-dimensional potential shapes with a strict λ/3 period. By adding a magnetic field perpendicular to the plane of the wave vectors, the adiabatic approximation condition is fulfilled at all relevant points. This includes not only the light field in one plane, but also at different positions along the atomic beam, where the laser intensity varies according to the laser beam intensity profile. Taking B = 0.3 mT, non-adiabatic transition probabilities P NA < 0.01 for all trajectories are calculated. Here we neglect the low-intensity regions far (more than 0.8 laser beam waists) from the substrate because those are not relevant for the structure formation: there the atomic beam still has its initial position and momentum distribution and equal population of substates. The latter has to be assumed because any atomic polarization at the exit of the cooling region is wiped out by stray magnetic fields before reaching the light mask.
For this situation we simulated the focusing of the atoms in the light mask for realistic parameters of atomic and laser beams, including the effect of spontaneous emission(
3 ). The resulting predicted flux distribution of atoms arriving at the surface is shown in fig. 3a : The strict λ/3 symmetry is broken by the magnetic field, its main effect is the non-uniform displacement of the central peaks inside the honeycombs. There is still an approximate periodicity with λ/3 = 142 nm, and neighbouring peaks lie as close as 65 nm to each other. To model the effect of surface mobility during growth, we convoluted the flux distribution ( fig. 3a) with a two-dimensional Gaussian profile of standard deviation σ = 25 nm to get the expected structure ( fig. 3b ). This value of σ is consistent with the broadening observed in earlier experiments and with observations in [17] , and it gives the best agreement in the comparison with experiment. The comparison between fig. 3a and b shows that the peak-to-peak distance, the sharpness of the peaks and the obtainable contrast (see greyscale ranges) are mainly limited by surface mobility rather than by the atom-optical patterning process in the light mask. Recently it has been shown that surface mobility effects can be reduced by growing thinner chromium layers [17] .
The resulting structure in a central part of the substrate is shown in fig. 3c , as recorded by an atomic force microscope (Topometrics AFM with LOT-Oriel POINTPROBE R cantilever). The resulting structure shows reasonably good agreement with the theoretical prediction of fig. 3b . The star-shaped main maxima as well as the location of the minima are well reproduced. Minor differences can be attributed to imperfections in beam intensity balance, magnetic field direction and alignment of the atomic beam relative to the light mask. Also, broadening due to limited mechanical stability and AFM resolution cannot be fully excluded. Although this structure has a period of 2/3 λ, the use of polarization gradients in the light mask made it possible to create a rich substructure inside each unit cell.
In another experiment the mirror shown at the bottom in fig. 2c was removed so that only two laser beams intersected each other under 120
• with orthogonal polarizations. The resulting structure [10] was formed of parallel lines with the expected distance of λ/(4 √ 3) = 61 nm slightly enlarged in comparison to the "lin ⊥ lin" case discussed above and in [11] due to the smaller wave vector difference k 1 − k 2 .
Conclusion. -We have experimentally demonstrated that the introduction of one-and two-dimensional polarization gradients combined with a static magnetic field into atom lithography gives interesting new possibilities to design light masks which generate periods down to λ/(4 √ 3) or a substructure inside a unit cell of period 2/3 λ. Our theoretical model includes all relevant physical processes in the framework of the adiabatic approximation, and hence is valid for our experimental conditions. With this technique a new class of patterns can be tailored.
In comparison to other lithographic techniques [18] , light masks can provide periodicity with interferometric precision. Another very specific property of light masks is their material selectivity. In future experiments using the technique described in this paper, we want to exploit this property to deposit one material homogeneously and another in a structured way at the same time. This is a novel approach and difficult to realize with other lithographic techniques. The result will be an artificial material with a structured doping on a sub-100 nm length scale. Such a material is a promising candidate for a photonic crystal [19] and for the realization of a quantum computer based on semiconductors [20] . ***
